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Abstract--The segregation, thermodynamic, and structural properties of [001] twist boundaries in Cu-Ni 
alloys have been examined within a wide range of misorientations and temperatures. Cu always segregates 
to the boundary. The concentration of the first layer adjacent to the boundary increases monotonically 
with misorientation and no obvious cusps are observed. All other thermodynamic properties vary 
smoothly with the misorientation, with the exception of the vibrational entropy of the boundaries without 
segregation. The unsegregated vibrational entropy shows a large peak at the misorientation corresponding 
to the El7 boundary and two minima around the ~13 and E5 boundary orientations. The concentration 
distribution within the plane of the grain boundaries can be described by the same structural unit model 
established for [001] twist boundaries in pure materials. Regions of large tensile stress show greater 
segregation than do regions of compressive stress. Regions of large shear stress tend to show reduced 
segregation compared with regions of small shear stress. 
I. INTRODUCTION 
A large body of experimental and theoretical evi- 
dence demonstrates that the properties of grain 
boundaries vary with their crystallographic orien- 
tation and boundary structure [1-8]. While most 
atomistic simulation studies of grain boundaries were 
performed at zero temperature owing to their compu- 
tational simplicity [4], essentially all experimental 
studies of segregation have been performed at elev- 
ated temperature, where segregation kinetics are fast. 
Although several finite temperature simulation of 
grain boundaries have been performed using Monte 
Carlo (MC) and molecular dynamics (MD) [9], most 
of these studies focused on individual grain bound- 
aries and grain boundary melting [10]. The first 
systematic study of the misorientation dependence of 
thermodynamic properties at finite temperature was 
recently performed by Najafabadi et al. [8] using the 
local harmonic (LH) method to obtain the equi- 
librium structure and thermodynamics of [001] twist 
grain boundaries in pure Au. It was observed that 
first order structural phase transitions occurred at 
some grain boundaries and small cusps in the energy 
vs misorientation plots occurred at E5 and El3 at low 
temperatures, at El3 and El7 at intermediate tem- 
peratures, and at E5 and El7 at elevated tempera- 
tures. Such systematic finite-temperature studies of  
grain boundaries are necessary to bridge the gaps 
between atomistic simulations and experiments per- 
formed at elevated temperatures. 
Extensive efforts [7, 11-17] have been made to 
examine the relationship between the structures of 
various boundaries throughout a misorientation 
range for a given twist or tilt axis in pure materials. 
The now standard structural unit model [7, 11-17] 
for the atomic structure of grain boundaries was 
developed based upon such systematic simulation 
investigations. This model describes the structure of 
all long-period grain boundaries within a certain 
misorientation range in terms of specific sequences of 
structural units of certain shorter period boundaries 
delimiting the misorientation range. If the delimiting 
boundary unit is not composed of units from other 
boundaries, it is regarded as a favored boundary 
according to the definition of Sutton and Vitek [13], 
and this unit is then a fundamental structural element 
of nearby boundary structures. For  example, Sutton 
et al. [11, 13] found that all Y. ~< 491 symmetrical [1T0] 
tilt boundaries in the region between E27 (115) 
(31.59 °) and Y.ll (113) (50.48 °) were composed of 
predictable sequences of units of these two bound- 
aries. 
While in the case of [001] twist boundaries, it was 
found that the structures of all boundaries between 0 ° 
and 36.87 ° (Y~5) can be decomposed into units of the 
ideal crystal and units of the ]E5 boundary, and the 
structure of all boundaries between 36.87 ° and 45 ° are 
composed of different units of the two types of E5 
boundaries [12, 15], a third unit, called a filler unit, is 
always needed to completely decompose each struc- 
ture. In terms of the grain boundary dislocations 
(GBD) description, the structure of a boundary with 
a misorientation between those of delimiting bound- 
aries can be regarded as the delimiting boundaries 
with a superimposed network of screw dislocations. 
Most of the structure between the dislocations can be 
described in terms of the units of one of the delimiting 
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boundaries. The intersections of the dislocations 
give rise to the minority units composed of units of 
the other delimiting boundary. The core of the dis- 
locations in between these dislocation intersections 
are centered on rows of filler units. 
In the present study, we will also focus on [001] 
twist boundaries. However, instead of concentrating 
on the structure of boundaries in pure materials, the 
present study focuses on the effects of misorientation 
on grain boundary segregation and thermodynamics, 
the distribution of the segregant at the boundary and 
the changes in the grain boundary structure due to 
segregation. Simulations based upon the LH model 
(described below) will be performed on ten different 
[001] twist boundaries in Cu-Ni alloys for tem- 
peratures between 600 to 1100 K at a composition 
of Ni0.asCu0.05. The (001) plane has 4-fold symmetry 
and hence 0 ° ~< 0 ~< 45 ° covers entire misorientation 
region. The ten [001] twist boundaries examined are 
listed in Table 1. 
Several different methods have been developed for 
predicting interfacial segregation behavior; including 
classical analytical theories such as those developed 
by Langrnuir and MacLean [18], zero temperature 
atomistic simulations (see Ref. [18] and references 
therein) and Monte Carlo simulations [20, 21]. While 
the classical theories may work well in some cases in 
dilute alloys, they do not self-consistently account for 
the structure of the interface. Although zero-tempera- 
ture atomistic simulations [18] have been used to 
determine the segregation energy of each atomic site 
near a grain boundary, this type of simulation cannot 
be used to predict the degree of segregation at other 
than very low solute concentrations due to inter- 
actions between solute atoms. Recent developments 
in Monte Carlo methods have extended atomistic 
simulations to alloy systems where the local compo- 
sition may be properly accounted for and allowed 
to change. This approach has led to truly atomistic 
studies of equilibrium segregation at interfaces 
[20-23]. However, this approach requires substantial 
computational resources and has never been success- 
fully used to obtain finite-temperature segregation 
thermodynamics, including the free energy of 
segregation. 
We have recently developed [24-29] a simple simu- 
lation method that predicts trends in interfacial be- 
havior that has been shown to yield good agreement 
with accurate Monte Carlo studies of segregation 
and perfect-crystal thermodynamics [24, 25], and yet 
is much more computationally efficient. The theory 
behind the simulation method is based upon a num- 
ber of simple approximations centered on the concept 
of  effective (or mean-field) atoms that have properties 
that are a concentration-weighted mix of different 
atoms types. The central approximations in the 
model are: (1) the vibrations of the atoms are deter- 
mined within the framework of the Local Harmonic 
(LH) model [30] in which the terms in the dynamical 
matrix that couple vibrations of different atoms 
are ignored; (2) a mean-field expression for the 
interaction energy described by embedded-atom 
method (EAM) potentials [20] for metals; and (3) an 
ideal-mixing approximation to the configurational 
entropy [31]. The most important feature of this 
method is that it yields a simple expression for 
the finite-temperature free energy of the system. 
Minimizing the free energy with respect to the pos- 
itions and concentrations of the atomic sites yields 
the equilibrium structure and free energy, from 
which all other thermodynamic quantities can be 
derived. 
In the following section, we briefly summarize the 
free energy minimization method. In Section 3, we 
examine the segregation profile. Segregation thermo- 
dynamics are analyzed in the following section. The 
distribution of segregants within the boundary plane, 
the influence of segregation on the boundary struc- 
ture, and the validity of the structural unit model in 
alloys is examined in Section 4. The final sections of 
this report considers the correlation of segregation 
sites with atomic level stresses and the influence of 
segregation upon these stresses. 
2. F R E E  E N E R G Y  S I M U L A T I O N  M E T H O D  
The free energy simulation method employed in the 
present study was described in detail in Ref. [24], so 
in this section, we provide only a brief synopsis. The 
free energy of an alloy consists of three parts: atomic 
bonding, atomic vibrations and configurational en- 
tropy. We describe the atomic bonding using the 
embedded-atom method (EAM) potential [20]. The 
effects of atomic vibrations are included within the 
framework of the local harmonic (LH) model [30]. 
The vibrational contribution to the LH free energy 
within the classical limit is given by 
Av=kBT ~ ~ / ht~i# \ 
where k B T is the thermal energy, h is Planck's 
constant, N is the total number of atoms in the 
system, and coi~, ~o,2, and to~3 are the three vibrational 
eigenfrequencies of atom i. These frequencies may be 
determined in terms of the local dynamical matrix of 
each atom Di,# = (t32E/t3xi~c3xi#), where the xj# corre- 
spond to atomic displacements of atom i in some 
coordinate system [30]. 
Table 1. The reciprocal coincident lattice site density ~z corresponding to the different [001] twist misorientations examined 
in the present study 
25 37 13 89 17 65 53 109 5 73 
0(°) 16.26 18.92 22.67 25.98 28.07 30.51 31.89 33.40- 36.87 41.11 
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Within the point (i.e. Bragg-Williams) [31] ap- 
proximation, the configurational entropy may be 
written as 
N 
Sc = --kB ~'. {ca(i) In[ca(i)] + Cb(i) ln[cb(i)]} (2) 
i = l  
where ca(i) is the concentration of a atoms and cb(i) 
is the concentration of b atoms on site i. Since we are 
interested in equilibrium properties, these concen- 
trations may be viewed as the time averaged compo- 
sition of  each atomic site in a system where the atoms 
are free to diffuse. In this sense, the atoms are 
"effective" or "mean-field" atoms. Since we replace 
real atoms by effective atoms, the internal energy E 
which is defined in terms of the interatomic potential 
must also be suitably averaged over the composition 
of each atom and its interacting neighbors. A method 
for performing these averages for the EAM potentials 
is described in Refs [24, 26]. 
In the simulations described below, we employ a 
reduced grand canonical ensemble, where the total 
number of atoms remains fixed but the relative 
amounts of each atomic species vary. The appropri- 
ate thermodynamic potential for this type of ensem- 
ble is the Grand potential and is given by [32] 
N 
D = E + A v -- TSc - A~ ~. Ca(i) (3) 
i=I 
where A# is the difference in chemical potential 
between the a and b atoms. Given A/~, the equilibrium 
concentration at each site may be determined by 
minimizing [2 with respect to those concentrations. 
This approach (without the vibrational contributions 
to the free energy) was previously employed by 
Lundberg [33] in a restrictive model of surface 
segregation. 
Several approximations were employed in arriving 
at the expression for the grand potential which we 
employ. These were primarily the local harmonic 
model, the Bragg-Williams approximation and the 
mean field approximation to the energy. The LH 
model yields quantitative agreement with Monte 
Carlo [30] and quasiharmonic calculations [36] over 
a wide range of temperature for perfect crystals and 
many defects. The Bragg-Williams approximation 
is known to produce substantial error near phase 
transitions. However, comparisons with Monte Carlo 
segregation data using the same interatomic poten- 
tials show that in most segregation situations the 
Bragg-Williams model does not introduce serious 
errors [24]. We have also compared the EAM energies 
obtained for solid solution alloys [37] and vacancies 
[38] using the mean field approximation and discrete 
atom types and find that the errors for solid solution 
crystals are negligible and the errors associated with 
the vacancy formation energy (including short range 
order in the Cu-Ni system) to be very small. 
The calculation of the equilibrium segregation 
around an interface is performed in steps. First, the 
properties of the perfect, uniform composition crystal 
are determined (see Ref. [26]), which is done by 
choosing a composition, temperature, and pressure 
and then minimizing the free energy with respect to 
the lattice parameter. Differentiating the equilibrium 
free energy with respect to composition yields the 
chemical potential difference A/~. For the Cu-Ni alloy 
system, we have verified that the equilibrium struc- 
ture is a solid solution at the temperature, pressure 
and composition of interest by minimizing the grand 
potential [equation (3)] with respect to lattice par- 
ameter and local concentration and verifying that the 
resultant concentration profile was uniform. Since 
at equilibrium the chemical potential difference is 
everywhere constant, we fix the chemical potential 
difference at their bulk values, introduce the appro- 
priate interface, and minimize the Grand potential 
with respect to the concentration and position of each 
site. 
The geometry of the cell used in the grain-bound- 
at3' simulations is the same as that employed in earlier 
studies of grain boundaries in pure systems [34]. The 
simulation cell is divided into two regions, I and II. 
The effective atoms in region I are completely free 
to move in response to the temperature- and concen- 
tration-dependent forces ( " F : ' = - d [ 2 / d r i )  due to 
other atoms and the concentration at each site is 
allowed to vary. The atoms in Region II, however, 
are constrained such that region II is a perfect crystal 
with the lattice constant and average concentration 
on each site appropriate to the simulation tempera- 
ture, pressure, and bulk concentration. The equi- 
librium configuration and concentrations of the 
effective atoms are obtained by minimizing equation 
(3) with respect to atomic coordinates, site concen- 
trations, and the relative positions of the upper and 
lower crystals (4N + 3 variables, where N is the 
number of atoms in the system). 
3. SEGREGATION PROFILE 
Following segregation, the concentration profile in 
the bicrystal is not uniform and the mean (dimension- 
less) concentration on the (002) planes parallel to the 
boundary are given by Cn, where the subscript n 
denotes the plane number [e.g. C3 is the mean concen- 
tration in the third (002) plane from the boundary]. 
We denote the dimensionless bulk concentration far 
from the grain boundary plane as CB. Due to the four 
fold [001] axis symmetry in these twist boundaries, 
the number of distinct concentration levels on each 
(002) plane is 1 + (~ - 1)/4. However, in the segre- 
gation profiles to be shown in the following, the 
number of distinguishable concentration levels may 
be less than this number because some of the concen- 
tration levels are very close. Throughout this paper, 
all concentrations 0 ~< C ~< 1 will refer to the Cu 
concentration; the concentration of Ni is given simply 
by 1 - C .  
The mean Cu concentration on the first layer C~ as 
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Fig. 1. Concentration of Cu atoms averaged over the first 
layer C1 (a) and the total excess concentration of Cu (b) vs 
the grain boundary misorientation. 
for (7, = 0.05 at five different temperatures. We note 
that the heat of segregation can be calculated from 
the temperature dependence of the layer concen- 
tration Ct [26, 27]. These curves show that Cu always 
segregates to the grain boundary for all misorienta- 
tions examined. As the misorientation angle is in- 
creased from 0 ° to 45 °, the Cu concentration on the 
(002) plane adjacent to the boundary increases. This 
variation of the strength of  segregation with misori- 
entation is attributable to the increase density of 
preferential segregation sites (near dislocations) at the 
boundary with increasing misorientation (at least for 
0 < 36.87 °, i.e. until the basic structural unit changes 
at E5). No strong cusps in the C] vs 0 plot are 
observed anywhere in the entire misorientation range 
studied. However, very small inflections appear at the 
Y~5 and Y-17 boundaries at 800 and 900 K. The main 
effect of increasing temperature is to reduce the 
magnitude of  the Cu segregation for all orientations. 
STRUCTURE OF GBs IN ALLOYS 
At the lowest and highest temperatures examined 
(600 and 1100 K) the composition vs misorientation 
curves tend to be relatively fiat. This may be under- 
stood by considering that at low temperature the Cu 
segregation is very strong along the entire boundary 
(i.e. k T i s  small compared to essentially all of the local 
heats of segregation) and at very high temperatures 
entropic effects are sufficiently strong to dominate the 
enthalpic tendencies for segregation (i.e. k T  is large 
compared to the heat of segregation). Thus, in either 
case, the boundary concentration will be nearly con- 
stant; close to one for low temperature and slightly 
elevated relative to CB for high temperature. At 
intermediate temperatures, the variation in the den- 
sity of preferential nucleation sites with changes in 
misorientation causes the strength of the grain 
boundary segregation to vary with 0. 
For the E5 boundary in Cu-Ni alloys, the bound- 
ary width is only about 2-3 (002) interplanar spacings 
on each side of the boundary and the segregation to 
the first layer usually dominates the total segregation 
[26]. Such behavior is also observed in the boundaries 
with other misorientations. In Fig. l(b), we plot the 
total excess concentration of Cu, CT .... as a function 
of the misorientation, where 
c~,~ = ~ ( c . -  G). 
nff i l  
The shape of  these curves are quite similar to that 
of the Ci curves shown in Fig. l(a), except that at 
T = 600 K Cr.~s initially decays with increasing mis- 
orientation. This suggests that when the atomic layer 
adjacent to the boundary is nearly saturated, the 
second (002) plane from the boundary may contrib- 
ute significantly to determine the overall degree of 
segregation. 
4. THERMODYNAMICS 
The thermodynamic properties of grain boundaries 
are distinguished from the bulk properties by the 
subscripts B or gb, where B represents bulk (solid 
solution) crystal properties and gh refers to grain 
boundary properties. The grain boundary properties 
are defined as the difference between the property of 
the bicrystal and that of a solid solution with the 
same number of atoms at the same chemical potential 
and temperature: Xgb = [X(bicrystal)- XB]/A, where 
X is the thermodynamic property of interest (e.g. free 
energy, enthalpy, etc.) and the grain boundary prop- 
erties have been normalized by the grain boundary 
area, A. The grain boundary properties may be 
calculated in two limits. The first is the unsegregated 
limit, in which the grain boundary is only relaxed 
with respect to the atomic positions, as may be found 
by quenching the sample from very high temperature 
(where segregation is negligible) to the temperature of 
interest. The second is the segregated limit, which 
corresponds to equilibrium segregation at the tem- 
perature of interest, i.e. the boundary is fully relaxed 
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with respect to both the atomic positions and the 
atomic concentrations. 
The grain boundary free energy, in the grand 
canonical ensemble, is denoted as Fsb = (fl~b -- f~a)/A, 
where f~b is the grand potential of the system with the 
grain boundary, f~B is the grand potential for the 
perfect crystal and the A is the area of the grain 
boundary. The misorientation dependence of the 
boundary free energy is shown in Fig. 2. In the 
unsegregated case [Fig. 2(a)], the boundary free en- 
ergy increases as the misorientation increases. A very 
weak inflection is observed at the orientation of the 
E5 boundary 36.87 °. As the temperature increases the 
magnitude of the grain boundary free energy de- 
creases, indicating that the grain boundary has a 
positive excess entropy [8]. 
For  the fully relaxed boundary [Fig. 2(b)], the 
variation of the -Fg b curves with T and 0 is compli- 
cated due to the competition between the various 
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Fig. 2. The grain boundary free energy vs the grain bound- 
ary misorientation (a) for the unsegregated boundary and 
(b) for the segregated boundary. 
terms that make up the free energy. At low tempera- 
tures, the entropy makes a smaller contribution to the 
free energy, so that Fg b is larger. However, also at low 
temperatures, the contribution from the energy that 
drives segregation is larger and, hence, the magnitude 
of Fgb is smaller. The lowest value for the boundary 
free energy occurs at T = 600 K, implying that at this 
temperature at CB = 0.05, the contribution to tile free 
energy from the segregation dominates the contri- 
bution from the entropy. When temperature in- 
creases, the grain boundary free energy also tends to 
increase. However, at 900 ~< T(K) ~< 1100 K, the 
magnitude of the boundary free energy is nearly 
independent of temperature. In this temperature 
range, the competition between the energy-favored 
segregation and the entropy-driven homogenization 
is nearly balanced. 
The boundary entropy may be evaluated as 
-(cgGgb/c~T)c for the unsegregated boundary and as 
--(c~Fgb/t3T)A ~ for the fully relaxed boundary [26, 27], 
where Ggb is the grain boundary Gibbs free energy. 
The grain boundary entropy has two major contri- 
butions: (i) vibrational entropy, Sgb,v and (ii) configu- 
rational entropy, Sgb.c. Figure 3 shows the boundary 
vibrational entropy as a function of the grain bound- 
ary misorientation at several temperatures. In the 
case where segregation is not allowed [Fig. 3(a)], this 
plot is quite different from those describing the 
dependence on misorientation of the boundary free 
energy and first layer concentration. However, the 
misorientation dependence of the vibrational entropy 
in the unsegregated alloy is very similar to that found 
for pure gold [34]. A pronounced maximum occurs at 
0 = 28.07 ° (El7), a minimum appears at 0 = 36.87 
(Z5) and an inflection occurs at 0 = 22.62 '~ (El3). The 
magnitude of the vibrational entropy increases with 
increasing temperature. In the segregated limit 
[Fig. 3(b)], the boundary vibrational entropy tends to 
vary smoothly with misorientation; no obvious inflec- 
tion is observed. The effect of increasing temperature 
is to reduce the magnitude of the boundary vi- 
brational entropy. This is because the vibrational 
entropy of Cu is larger than that of Ni [26, 27], 
therefore, as more Cu segregates to the boundary at 
lower temperature, a larger value of the vibrational 
entropy is expected. Note that the Sgb,v VS 0 curves are 
very similar to the total excess concentration CT.xs vs 
0 curves [Fig. l(b)]. 
In the segregated boundary, the variation of the 
concentration on the boundary gives rise to another 
term in the entropy, the boundary configurational 
entropy Sgb.c, the misorientation dependence of which 
is shown in Fig. 4. The curves are quite smooth 
and no cusps are observed. The overall magnitude of 
Sgb,c shows a complex variation with temperature. 
The values of the configurational entropy at 7 = 600 
and 800K decrease as the misorientation is in- 
creased, while for the higher temperatures examined, 
Sgb.c increases as the misorientation increases. The 
temperature dependence of the Sgb,c curves may be 
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Fig. 3. The grain boundary vibrational entropy vs misorien- 
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understood by considering the differences between Sc 
[equation (2)] calculated with C = CI (Fig. 1) and Sc 
calculated with C = CB. 
The grain boundary enthalpy Hgb was determined 
from Hgb = Ggb + TSsb, where Sgb is the total grain 
boundary entropy, which is equal to Sgb,v for unsegre- 
gated boundaries and Sgb, v + Sgb, c for the segregated 
boundaries. The boundary enthalpy as a function 
of the misorientation is plotted in Fig. 5. For 
the unsegregated boundary, the boundary enthalpy 
generally increases with increasing misorientation, 
though a small local minimum is observed at Z5. The 
effect of the temperature is to shift the curve to 
a slightly higher value. In the segregated case 
[Fig. 5(b)], the enthalpy also increases as the misori- 
entation increases except at T = 600 K, for which Hgb 
slightly decreases as the misorientation increases. The 
dependence of the enthalpy on temperature is large 
when segregation is included, with the values at 















+ T = 6 0 0 K  ] 
• T = 8 0 0 K  I × T = 1 0 0 0 K  
, ,  . . . . .  I . . . .  I . . . .  I . . . .  I . , ,  




¥' ',' l .... I .... I .... I .... I .... 








X 0 0 
'x 0 O O O o O O  
.o ,?i .... i .... i .... i .... i .... 
1500 
15 20 25 30 35 40 45 
0 
(b) 
Fig. 5. The grain boundary enthalpy vs misorientation (a) 
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T = 600 K being greater than at higher temperatures. 
Again, this is because pure Cu has a larger enthalpy 
than Ni [26, 27]; hence, as more Cu segregates to the 
boundary at lower temperatures, the grain boundary 
enthalpy increases. The Hg b vs 0 curves are very 
similar to the boundary concentration Cr,xs vs 0 
curves [Fig. l(b)]. 
As described above, the two grains are allowed to 
move with respect to each other during the course of 
the relaxation. If the relative motion of the grains is 
parallel to the boundary plane, different boundary 
structures may result [8]. If  the relative motion of the 
grains is perpendicular to the boundary plane, then 
the specific volume of the boundary increases. In 
practice, the boundary expansion (or the excess 
boundary volume) Dgb is measured as the change 
(relative to the perfect crystal at that temperature) in 
distance between two (002) planes (one in each grain) 
far from the boundary plane. The boundary expan- 
sion as a function of misorientation is plotted in 
Fig. 6. In the unsegregated case, the boundary expan- 
sion varies in a nearly linear manner with boundary 
misorientation. The effect of increasing temperature 
is to raise the magnitude of the expansion. For  
the segregated boundary, the boundary expansion 
monotonically increases as the misorientation in- 
creases and the effect of the temperature is to lower 
the magnitude of the boundary expansion. This is 
consistent with the fact that Cu atoms are larger than 
Ni atoms and that Dgb and CT,xs vs 0 and T have very 
similar forms [compare Figs l(b) and 6(b)]. The 
curves of the boundary properties, Sgb,v, Hgb, and 
Dgb, vs 0 are very similar to that of CT.xs vs 0, which 
is consistent with the observation that these proper- 
ties are linearly proportional to CT.xs in the E5 
boundary for a wide range of temperatures and bulk 
concentrations [26]. 
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Fig. 6. The excess grain boundary volume vs misorientation 
(a) for the unsegregated boundary and (b) for the segregated 
boundary. 
5. G R A I N  B O U N D A R Y  S T R U C T U R E  
Following the notation of Schwartz et al. [15], the 
crystal units bounded by ½(110) and ½(100) in the 
perfect, ideal crystal appear in some (001) twist 
boundaries and are denoted as A and ct units (see 
Fig. 7). The circles and squares in this figure rep- 
resents two adjacent (002) planes. The two crystal 
units in the (001) E5 twist boundary, bounded by 
½(310) and ½(210), are denoted as B and fl units (see 
the solid and dashed lines in Fig. 8, respectively). The 
circles and squares in this and the following figures 
represent the atoms from the (002) planes immedi- 
ately above and below the grain boundary. The 
structural unit model describes the atomic structure 
of [001] twist boundaries as decompositions into a 
combination of A or ct and B or /3 units, with the 
addition of filler units as needed. For  misorientations 
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Fig. 7. Two (002) atomic planes of a perfect f.c.c, crystal 
denoted by the squares and circles respectively. Two unit 
cells A and ~t are identified. The area occupied by two ct units 
is equal to that occupied by one A unit. 
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with angles less than 22.62 ° (~13), only one accept- 
able decomposition into units can be found, namely 
into [A plus /3]. At misorientations greater than 
22.62 ° but less than 36.87 ° (E5), there are always two 
different decompositions, [,4 plus/3] and [B plus 0t]. 
When 36.87 ° ~< 0 ~< 45 °, the boundaries are composed 
of  different units of the ]g5 boundary [B plus/3] [15]. 
We observe that the same decomposition rules are 
also applicable to the segregated grain boundary 
structures. The different magnitude of the segregation 
from site to site creates a concentration pattern 
within the grain boundary and this pattern can be 
described within the same framework of the struc- 
tural units model established by Schwartz et al. [15]. 
In the following sub-sections, owing to space limi- 
tations, we will examine the concentration distri- 
bution patterns for a subset of the simulated 
boundaries. 
5.1. Z5  ( # = 3 6 . 8 7  °) 
In Fig. 8, the Cu distribution within the planes on 
either side of the boundary is indicated. The gray 
level of each site indicates the magnitude of the 
average Cu concentration at that site. The darker 
gray levels correspond to larger Cu concentrations 
and the two extreme gray levels, black and white, 
represent the maximum and the minimum Cu concen- 
tration for that particular boundary. In the E5 
boundary, only two different types of atomic sites are 
observed; these correspond to the coincidence lattice 
sites (CS) and non-coincidence lattice sites (NCS). 
The atomic environment around these two types of 
lattice sites is not the same; thus, the heat of segre- 
gation and concentration of segregant at each site is 
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Fig. 8. The concentration distribution at the E5 boundary. 
Darker gray levels represent higher Cu concentrations. The 
squares and circles represent the effective atoms from the 
(002) atomic planes immediately above and below the 
boundary. Two unit cells B and # are identified: a B unit is 
delimited by solid lines and two fl units by dashed lines. The 
concentrations at the black and the white sites are 0.8 and 
0.65, respectively. 
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Fig. 9. The concentration distribution at the 1925 boundary. 
Four A units are in the center, one fl unit at each corner, and 
two filler units are on each side. The concentrations at the 
black and the white sites are 0.54 and 0.27, respectively. 
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different. The two site concentrations at this bound- 
ary, indicated by black and white symbols correspond 
to a Cu concentration of 0.8 and 0.65, respectively. 
The black sites are the CS's and the white sites are 
NCS's. Therefore CS's show stronger Cu segregation 
than do NCS's in this boundary. 
The two unit cells, B (solid lines) and fl (two cells 
are shown as dashed lines), are identified in Fig. 8. 
While B is a true unit cell in that it is periodically 
repeated within the structure, two /3 units must be 
taken together to form a true unit cell. However the 
two/3 units are related to each other by a 90 ° rotation 
about the center. The/3 units are known as "invari- 
ant" units that are bounded by the four twofold 
symmetry axes in the boundary. This notation is the 
same as that employed in Ref. [15]. The darker sites 
(CS) are located at the corners of/3 units and at the 
corner and center sites of B units. The white sites 
(NCS) are located within, but not at the center of, the 
fl and B units. 
5.2. Z25  (0 = 16.26) 
The concentration distribution at the ~z25 bound- 
ary is shown in Fig. 9, where the "invariant" unit cell 
is bounded by ½(340) directions. The outer solid lines 
in the figure include a slightly greater area than this 
invariant cell in order to make the symmetry more 
evident. The "invariant" unit cell consists of four A 
units (in the center), one/3 unit (one quarter of each 
of the four/3 units in the corners), and four filler units 
(one half of each of eight filler units between corner 
/3 units). Each of these units may be readily identified 
by comparison with Fig. 8 and the perfect crystal 
structure in Fig. 7. Each A (fl) unit appears like all 
of the other A (/3) units in terms of atomic arrange- 
ment and solute profile. In addition, the A and fl units 
show essentially the same atomic arrangement as in 
the delimiting boundaries, i.e. the perfect crystal and 
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E5, respectively, which is in accordance with the 
structural unit model. Therefore, the structural unit 
model apparently works well even when boundary 
segregation occurs. 
According to its symmetry, there are seven inde- 
pendent atomic sites in the Z25 boundary. However, 
only four distinguishable concentration levels (indi- 
cated by black, white, dark gray, and light gray) can 
be observed in Fig. 9. The black atomic sites 
(53% Cu) are located at the corner of A units and fl 
units; the white atomic sites (28%) are located within 
the fl units; the dark gray sites (42%) are located 
within two of the filler units and the A units, and the 
light gray ones (37%) are located within the other two 
filler units. As in the concentration pattern of the E5 
boundary (Fig. 8), the atomic sites in the fl unit 
corresponding to the CS's (quasi-CS's) in the ~5 
boundary and have larger Cu concentration than the 
atomic sites (quasi-NCS's) corresponding to the 
NCS's in the E5 boundary. However, instead of 
showing uniform concentration as they would in the 
perfect crystal from which they are derived, the 
concentrations at the atomic sites in the A units have 
two distinct values, with the concentration in the 
corner sites being larger than that in the center. The 
largest site concentrations in the fl units of the E25 
boundary correspond to a much lower Cu concen- 
tration than the maximum concentration in the fl 
units of the E5 boundary, which may be associated 
with the fact that the A and fl units within this 
boundary are strained. 
5.3. Z I 3  (0 = 22.62 °) 
The "invariant" unit cell of the El3 boundary is 
bounded by vectors of ½(320), which can be de- 
composed into ½(110) and ½(210), corresponding to 
a 1 : 1 mixture of A and fl units. The concentration 
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Fig. 10. The concentration distribution at the El3 bound- 
ary. One A unit is at the center, one fl unit at each corner, 
and one filler unit is on each side. The concentrations at the 
black and the white sites are 0.69 and 0.46, respectively. 
distribution is shown in Fig. 10 and, as before, a 
slightly larger unit cell is drawn to emphasize the 
symmetry. From the in-plane concentration distri- 
bution, one A unit (in the center), one fl unit (in the 
corners), and two filler units (between two nearest 
neighbor fl units) can be easily identified in the 
"invariant" unit cell of this boundary. Four distinct 
site concentrations and gray levels may be observed 
in Fig. 10, black (69% Cu) white (46%), dark gray 
(60%), and light gray (53%), with the black in the 
corner of the A or fl units, the white within the fl 
units, the dark gray within the A units, and the light 
gray within the filler units. The symmetry of the fl 
unit is very similar to that in the E5 boundary except 
that the maximum concentration in the fl units in the 
El3 boundary are significantly smaller than in the E5 
delimiting boundary. These discrepancies between the 
basic units in the El3 boundary and those in the 
delimiting boundaries are also due to local strains in 
the boundary. 
5.4. ,Y, 17 (0 = 2 8 . 0 7  °) 
The in-plane concentration profile associated with 
the Y.17 boundary is shown in Fig. 11. The invariant 
cell is bounded by ½(140). One B unit (see Fig. 8) of 
the E5 boundary (in the center) and one ct unit (see 
Fig. 7) of the ideal crystal (in the corner) may be 
identified. There are only three different distinguish- 
able concentration levels, white (51% Cu), black 
(71%), and gray (57%). The corners and the central 
five sites in the B unit are black, the four other atomic 
sites in the B unit are gray, and the ones within the 
filler units are white. The concentrations at the 
non-coincident sites in the B unit are not uniform, as 
they are in the Y.5 boundary, due to local strains. The 
discrepancy between the ideal B (E5) units and that 
in the El7 boundary is among the largest in any of 
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Fig. 11. The concentration distr ibution at the E17 bound- 
ary. One B unit is at the center, one • unit is at the corner, 
and one filler unit is on each side. The concentrations at the 
black and the white sites are 0.72 and 0.52, respectively. 
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the boundaries examined. Nonetheless, the decompo- 
sition of  the boundary structure into structural units 
is still reasonable. 
5.5. Z109 (0 = 33.40 °) 
The concentration distribution pattern of the X109 
boundary is shown in Fig. 12. The invariant cell is 
bounded by ½(10, 3, 0)  and nine B units, one ~t unit 
(in the corners), and six filler units (between two 
nearest neighbor ~t units) may be identified in this cell. 
There should be 28 distinct atomic sites in the X109 
boundary; however, only five clearly-distinct gray 
levels can be observed, black (79% Cu), white (59%), 
and three different gray levels (64%, 70% and 75%). 
The B units are somewhat distorted, but the gray level 
pattern is still very close to the one in the X5 
boundary. Four  distinct concentrations can be found 
in the B units, corresponding to black and three 
different gray levels, with the black sites in the corners 
and the center of the B units (the quasi-CS's) and the 
gray ones making up the remainder of  the B units (the 
quasi-NCS's). Examination of the different B units 
suggest that the NCS's which are in this boundary 
show a large concentration variation within a given 
B unit and between B units, as compared with the 
pure B unit of  the X5 in which all NCS's exhibit 
identical Cu concentrations. Within the filler units, 
there are two different shadings, white and one of  the 
three different gray levels, with the white in two of the 
filler units and the gray in the other four. 
5.6. ~,73 ((9 = 41.11 °) 
As discussed above, when the misorientation is 
between 36.87 ° (X5) and 45 °, the boundary is com- 
posed of two different X5 boundary structure units 
(the B and /~ units) and no A or ~ units. Such a 
decomposition rule is also applicable in the case when 
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Fig. 12. The concentration distribution at the ZI09 bound- 
ary. Nine B units are at the center, one • unit is at the corner, 
and three filler units are on each side. The concentrations at 
the black and the white sites are 0.79 and 0.58, respectively. 
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Fig. 13. The concentration distribution at the ~73 bound- 
ary. Four B units are at the center, one fl unit is in each 
corner, and two filler units are on each side. The concen- 
trations at the black and the white sites are 0.82 and 0.61, 
respectively. 
there is distribution of site concentrations. The X;73 
boundary (bounded by ½(380)) is shown in Fig. 13, 
where four B units, one fl unit (in the corners), and 
four filler units (between two nearest neighbor fl 
units) can be identified. Five different gray levels 
may be identified, black (81% Cu), white (62%), dark 
gray (77%), medium gray (70%), and light gray 
(66%), which is far less than the number of possible 
distinct atomic sites, 19. The shading of the quasi- 
CS's sites in the B and fl units is black and the atomic 
sites within the fl units (quasi-NCS's) uniformly 
exhibit the same dark gray level. However, in the B 
unit, the quasi-NCS's exhibit two distinct shadings, 
light gray and white, which is due to the strains within 
these units. The filler units exhibit three distinct gray 
levels. 
5. Z General structural observations 
As discussed above, the atomic positions in the 
[001] twist grain boundaries can be described within 
the structural unit model framework that was estab- 
lished for grain boundary structures of pure materials 
over a wide range of  misorientation. However, the A, 
~, B and fl unit structures identified in the boundaries 
show some distortion with respect to the same units 
in the delimiting boundaries. The segregation to the 
atomic sites within these units is quite sensitive to 
such distortion and thus we find considerable vari- 
ation in the concentration pattens in the unit struc- 
tures as a function of misorientation. Nonetheless, 
segregation does not destroy the basic features of the 
structural unit model and the decomposition of 
the boundary into distinct units is still reasonable. 
The number of the distinct site concentrations, in 
most cases examined, is less than the number of 
possible distinct atomic sites in the boundary. 
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6. HYDROSTATIC STRESS 
In Fig. 14(a-c), we show the hydrostatic stress, 
1 i defined as p~ = ~(tr~l + ~r~2 + try3), at each site on the 
(002) planes immediately adjacent to the E5, E 13, and 
109 boundaries in the absence of  segregation. The 
atomic-level stress tensor a ~  is evaluated as [35] 
• (#G% r;r~ (4 )  
6~#=~ii~j \Orij/I rij 
where G is the Gibbs free energy, v~ is the volume 
ascribed to a tom i, r e is the distance between site i and 
site j ,  and r~ and r~ are the ~t and/3  components  of  
the vector r u separating atoms i and j ,  the summation 
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Fig. 14. Maps of the hydrostatic stress before segregation at the (a) E5, (b) El3 and (c) E109 boundaries. 
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is over all of the neighbors of site i. In a perfect, 
primitive crystal, the Pi do not vary from site to 
site and are all equal to the external pressure. In 
Fig. 14, the hydrostatic stress is represented by 
an arrow centered at the atom site, the length of 
which is proportional to its magnitude. Arrows point- 
ing to the right correspond to a positive stress 
(tension) and those to the left to a negative stress 
(compression). 
The hydrostatic stress at the CS's of the Y~5 bound- 
ary before segregation [Fig. 14(a)] is much larger than 
that at the NCS's and both sites are under tension. 
In the unsegregated £13 and £109 boundaries 
[Fig. 14(b,c)], the quasi-CS's in the/3 and B units and 
the atomic sites in the A and ~t units have much 
larger hydrostatic stresses than do the other atomic 
sites. Comparing these results with the in-plane 
concentration distributions at the same boundaries 
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Fig. 15. Maps of the hydrostatic stress after segregation at the (a) Y6, (b) Y-13 and (c) ~I09 6oundanes. 
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(Figs 8, 10 and 12), we find that the atomic sites 
with large tensile stresses in the unsegregated bound- 
aries exhibit a very much enhanced Cu concen- 
tration when segregation occurs. Indeed, in the Y~13 
and El09 boundaries, the white sites are under 
compressive rather than tensile stresses and show 
only very small increases in Cu concentration upon 
segregation. 
The hydrostatic stresses were also determined after 
segregation for the 5:5, El3 and 1~109 boundaries 
[Fig. 15(a-c)]. In each case, the magnitude of the 
stresses is greatly reduced by Cu segregation. In the 
Y~5 boundary, for example, the strong pre-segregation 
hydrostatic stresses at the CS's [Figs 14(a) and 15(a)] 
are greatly reduced upon segregation and the mini- 
mum stress, which occurred at the NCS's before 
segregation, changes from tension to slight com- 
pression. Essentially the same observation hold for 
the Y13 and 3z109 boundaries [Fig. 15(b,c)], where the 
maximum hydrostatic stresses in both the El3 and 
109 boundaries are drastically reduced. Some of the 
smaller tensile stresses become compressive and the 
magnitude of the compressive stresses increases by a 
small amount upon segregation. 
The reduction of the tensile hydrostatic stresses 
upon segregation is associated with the larger size of 
Cu relative to Ni. When Cu segregates to the bound- 
ary, the larger Cu fills the "holes", "free volume" or 
extended regions in the boundary structure, thereby 
reducing the tensile stress. The site-to-site variation in 
the hydrostatic stress within the boundary is greatly 
reduced because segregation occurs to a much greater 
degree where the hydrostatic tension is larger. The 
reduction of the maximum hydrostatic stress because 
of segregation is observed for all of the boundaries 
examined. 
7. SHEAR STRESS 
The atomic-level shear stress associated with atom 
/may  be evaluated as T~ = x/(a~3): + (a~3) :, where the 
3 direction is chosen to be normal to the boundary 
plane. The map of the shear stress field of the E25 
boundary before and after segregation is shown 
in Fig. 16(a) and (b), respectively, where the shear 
stresses are indicated by arrows with magnitude and 
direction given by the vector "~i-~'(0"~3, O'~3 ). The 
largest shear stresses in the unsegregated boundary 
plane [Fig. 16(a)] occur near the points where the 
screw dislocations (GBD) that make up the grain 
boundary intersect. The positions of the screw dislo- 
cations are indicated by the solid lines in Fig. 16. 
Comparison of this figure with the structural unit 
figure shown in Fig. 9 demonstrates that the dislo- 
cations are centered at the filler units and intersect at 
the fl units. The inter-dislocation regions correspond 
to the majority A units. The magnitude of the shear 
stress is larger at the cores of dislocations than in the 
inter-dislocation A units and the largest shear stresses 
occur in the fl units. 
-O-.a- ~ -O- 4~. 1~ 
(a) 
¢ ~ m o ¢ \ ~  • o 
(b) 
Fig. 16. Maps of the shear stress at the (a) for the unsegre- 
gated and (b) segregated E25 boundary. 
After segregation [Fig. 16(b)], the overall magni- 
tudes of the shear stresses are reduced, but only by a 
small amount (much less than in the case of the 
hydrostatic stresses). Therefore, we must conclude 
that the effect of the segregation on the shear stresses 
at the boundary are relatively insignificant. This same 
observation may be made with respect to all of the 
boundaries examined in the present study. Unlike 
the hydrostatic stresses, which depend on the local 
volume or density, the shear stresses are more closely 
related to the symmetry of the atomic sites in the 
boundary plane, which, as demonstrated above, are 
relatively unchanged upon segregation. 
8. SUMMARY 
We have investigated the segregation, thermo- 
dynamic, and structural properties of [001] twist 
boundaries in the solid solution alloy Nil_~Cu x, 
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with x =0.05, within the misorientation range 
15°~< 0 ~<45 ° at temperatures 600K ~< T ~< I I00K. 
The results show that Cu segregates to the boundary 
for all misorientation angles and temperatures stud- 
ied. The average Cu concentration on the first (002) 
atomic plane adjacent to the boundary increases 
monotonically with misorientation and no strong 
cusps are observed. Except for the vibrational en- 
tropy in the unsegregated boundaries, all of the 
thermodynamic properties vary smoothly with mis- 
orientation in a manner very similar to the misorien- 
tation-dependent boundary Cu concentration. The 
unsegregated vibrational entropy is quite distinct; 
it shows a large peak around the Y.17 boundary and 
two minima around the X13 and Z5 boundaries. The 
distribution of site concentrations at the grain bound- 
aries exhibits a pattern that can be described in terms 
of the same structural unit model established for the 
structure of [001] twist boundaries in pure materials. 
The concentration distribution pattern of the bound- 
aries with misorientations less than 36.87 ° (Y.5) can be 
decomposed into units of ideal crystals, units of Y~5 
boundary, and filler units, while the concentration 
distributions pattern of the boundaries with misorien- 
tations between 36.87 ° and 45 ° consist of different X;5 
boundary units and filler units. Although the segre- 
gant distribution within individual structural units 
shows large variations within a boundary and be- 
tween boundaries composed of the same units, the 
structural unit model still provides a good description 
of the atomic structure of the segregated boundaries. 
The atomic-level hydrostatic and shear stresses were 
also determined. Atomic sites with large hydrostatic 
tensile stresses before segregation are the sites to 
which the greatest degree of Cu segregation occurs. 
After segregation, the maximum hydrostatic stress 
is reduced so significantly that the magnitude of 
the stress on all sites is very similar. While there is 
some reduction in atomic level shear stresses upon 
segregation, this effect is weak. These effects seem 
to be associated with the larger size of the Cu 
atoms relative to Ni atoms and hence Cu segregation 
reduces the hydrostatic tension. The shear stresses 
depend predominantly on the local symmetry, which 
is only slightly modified by segregation. 
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